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\Yc have used Paloxnar coudG C'C'D spectra of resolution 0.3 and 0.G to redctcrnliric 

abundancea in five stars of the relatively metal rich globular cluster 1171. The [Fe/H] value 

is restricted to  the  limits of -0.G to -1.0. The largest source of uncertainty is a systematic 

difference in f-values between those derked via the Holn-eger-lluller (19i.i) solar model 

and the Bell e l  a]. (1976) solar model. If we use absolute f-values measured by the Oxford 

group (Blackwell e t  al. 19S2) we find [Fe/H] to  lie in the range of -0.6 to -0.75. i . e . ,  as 

given by using the Bell et a!. solar model. 

The relative abundances of the light elements, ; . e . .  ?;a through Ca and probably 

including Ti show an average excess relative to  iron of 0.4 dex. \Ye discuss the effect 

of this difference on metal indices derived from broad band and narrow band photometry. 

For three stars we find [O/H] = -0.6 using absolute f-values. For CS an analysis of 

individual rotational lines of the 2-0 band of the red system yields lines in the (C/H,  K / H )  

plane that are consistent with either an original [C/Fe] = [S/Fe)  = 0 or a modest increase 

in S relative to  C due to CS burning and mixing. A search for I3CS was not successful 

and an uncertain lower limit of I2C/l3C near 10 was obtained. 



The chcmicitl compoiition of stars in the glohular clustcrs of least metal deficient? 

has been controversial since surprisingly large iron deficiencies. [Fe/H) = -1.3 and -1.2 

\vere reported for 1171 and 47 Tuc. respectively (Cohen 1930; Pilachowski e l  al. 1980: 

Pilachorvski e t  al .  19S3. henceforth PSIY). These values have been challenged by analyses 

of broad-band and narrow band photometry which indicated that the overall metal 

abundance. a mean of those elements whose lines contribute to  the blanketing within 

the observed hands weighted by the contribution of each eleiiient. was closer to  Ihl/H)= 

-0.6 and -0.7 for lli1 and 17 Tuc: respectively. (Zinn and ]Yest 1954). 

Bell and Gustafsson (1982) analyzed the Searle and Zinn (1978) as well as DDO 

photometry of 1li1 stars and found [1I/H]=-0.6, while their reanalysis of Cohen's (1950) 

data yielded ;Fe/H]= -0.9. They recognized the difference hetlveen the general metal 

abundance as  derived from broad bands and the iron abundance as derived from individual 

lines. This difference has also been discussed in some detail by Butler: Dickens and Epps 

(1978) in their su rwy  of stars in w Cen. I'nfortunately. some authors have considered iron 

to  represent all elements heavier than'neon, but  .detailed studies show this to  often not be 

the case. 
s 

In an effort to clarify the situation Cohen (1953) obtained CCD spectra of stars in 1171 

with very high signal-to-noise at the Cassegrain double spectrograph on the 5-meter Hale 

telescope. Those spectra. which have a resolution about 0.7  -4. yielded an iron abundance 

[Fe/H] = -0.75 k 0.1 for Mil. 

.Additional analyses of 3lil from spectra with a rcsolurion of 0.3 -4 and a signal-to-noise 

betwecn 22 arid 30 by Pilachorvski. Olszewski arid Or3c11 (1963) !-iclded [Fe/H] = -1.0 (or 

possibly as high as -0.sj from a 60.4 inrervd in two s~i i rs .  Their sirirs arc a::%cien?!\- hol 

that no probltims \vith molecular line l ) l i i i i l i t i ~  iiig is t o  1)tl t > s l j t > c t t d  ( G c i s l t ~  1986). 

Because of the importance of the p r o l ~ l c ~ ~ i  of the ahnndance scale of globular clustcrl; 
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Spectra of resolution 0.3  A were obtained in the 6lOO-G2OOA and 6300-6400.4 regions 

while spectra of resolution 0.6 -4 were recorded in the 7800-8000 .&and 1600-8800 .\ regions. 

The latter spectra were obtained in -4ugust 1985 rvith the 0.9-m camera rather than the 

1.8-ni camera and hence provided 220.4 of spectrum rather than 110-4. In Table 1 we 

show data for each star observed and a summary of the available spectra. Membership 

probabilities are from Cudworth (1955); colors are from Frogel. Persson and Cohen (19i9) 

and Cudworth. Effective temperatures are on the Cohen, Frogel and Persson scale, 

combined with Ridgway e t  al. (19SO) and Blackwell ef al. (19%. for -4rcturus). As pointed 

out by Trimble and Bell (1930). the temperature scale for E< giants is uncertain by at least 

1OOK. leading t o  an uncertainti- in jFe/H] of a little less than 0.1. The value of log g is 

from the luminosity and effective temperature, and the assumption that >I = 0.S Ms for 

each star.  In the seventh column we list the derived turbulent velocity. 1;. 

. .  

11. The -4nalysis 

a. Atomic Lines 

The analysis \vas carried out using model atmospheres and spectrum synthesis ir, the  

same way as was done in Paper I. However. because of the need to obtain abundances 

relative to  the sun, we decided to use solar gf values for all lines except [OI], R b  I and 2r I. 

The iron abundance is crucial in most discussions of the abundance scale in globular 

clusters. Hence. we have been very careful in deriving the log gf values for FeI. First. we 

uqed the solar equivalent widths in >loore. ,Ilinnaert and Houtgast (1066) combined with 

the Holwcger and hlullcr (10i-I) (hereafter H l I )  solar 1110d~l and a solar iron abundance 

of log S(Fe)  = 7.50 on a scale of log S ( H )  = 12.0. The derived f-values are quite sensitive 

to  the solar model that  is used (Pilachowski el al. 1983). 



ORIGINAL PAGE & 
OF POOR QUALITY 

Tlic-ro arc a f6 .n .  otlicr siwcia! conccrri- For 0 1  11-c cwd t l i c  f - ~ a : i i c  of LaI!iI)(iri (1975 I 

and asuri i r  a low enough ctirhon abundance 50 as not to  be affected by CO formation. For 

Rb I we employed the laboratory gf value of Reader ef al. (1980). For Zr I we have used 

f-values from Biemont el al. (19E1) plus one line from Corliss and Bozman (1962) that we 

corrected to the Biemont et al. scale. 

-45 in paper I, we used the models of Bell e t  al. (1976) (hereafter BEGS)  and a modified 

form of the spectral synthesis program JIOOG (Sneden 1973). In the first approximation 

\ye used models with a metal abundance parameter of -1.0 des. In the final calculation we 

adjusted this to  reflect the abundances of Fe, Si and M g ,  which are the principal electron 

contributors. Vnfortunately, our l l g  abundance is very uncertain. so we represented M g  

by the mean of our Si. Ca and M g  abundances. The overall effect of changing the input 

metal abundance from -1.0 to  -0.7 dex is to increase the final abundances of all neutrals 

by 0.05 dex. This change in abundance has been included in the values in Table 2. where 

we list the  abundance as derived from each line of each star. 

b. The C S  Lines 

\Ye first searched for CS lines in the A6100 region, but the lines were so weak that  it 

system in was deemed essential to reobserve 1171 at the  (2.0) band of the A '7i - X2 

the 7100- 8 O O O A  region. Observations of three l l i l  stars were obtained in August 1985. 

Because of the limited resolution - about 0.6.k - we chose to obtain a signal-to-noise of 

at  least 100 by recording at least lo4 counts per channel in all spectra. \Ye also obtained 

spectra in the 8600 S300.k region for the (3. 1) and (4 .  2) hands. just in case thc CN lines 

of the (2 ,O)  band were too strong and to observe the CI line at X1727. The latter was 

scwched for but could not be identified conclusively at our rcsolution. S o  really useful 

line. of ' 'CS were found. 

Tht. gf values for the CS lines u-ere calculated as dc5cribcd by Dorniny. \l'allerstein and 

5unt7cff (1986). Band oscillator strengths were taken from Larsson, Siegbahn arid -4grcn 
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dex. 

111. Derived -4bundances 

a. Iron 

Our Incan iron abiindances for each star are sho\vn in Table 3, where we include our 

anal;r.sis of -4rcturus for comparison. By using all lines available in each star we derive the 

values shown in the first group. If we restrict ourselves to  lines in common between 1fiI 

stars and -4rctiirus we find the values in the second group. For three stars in 1Ii1 there is 

a substantial difference in [Fe/H] because we have included 13 FeI lincs in the ScjUO-$SUO.i 

region. The mean values of [Fe/H] (using the HM solar model) are -0.91 if we include all 

lines, -0.88 if only lints in common with Arcturus are used. For .4rcturus we find [Fe,”] = 

-0.75, using the H l I  solar model t o  derive f-values. and IFe/H] = -0.50 for f-values from 

the  B E G 5  model. The B E G S  value for .‘ircturus is close to  most published values. For 

nine determinations published after 1965 listed by  Cayrel de Strobe1 et  al. (19S5) we find 

iFe/H] = -0.4910.0-1. Our iron abundance for ,&urus is somen-hat lower than the mean 

of ot her determinations because we used a somewhat lower effective temperature (Blackwell 

e t  al. 1916) and slightly higher turbulence parameter than averagc. The small dispersion 

in iFe/H] despite the wide range in atmospheric parameters for Arcturus is surprising 

(Trirnhle and Bell 19Sl). The similarity of l I i 1 .  star I. and -4rcturus is illustrated in Fig. 

A comparison of Tables 1 and 3 shows that our two coolest stars yield significantly 

lowcr iron ahuiidances than do the thrce stars ~sho-c tcmpcrature is closer to that of 

-4rcturus. This i. probably due t o  the c-ffiLct5 of  T i0  oi l  tlie contiiiiiumof the coolest stars 

(Gcislcr 19%) and dcpartiires from LTE in thc ionization cquili\~riurn (PS\I-). Hcncc. \\e 

f; 



IYe are uncertain \vhF our data for the 8600-8800 .& region yields such low abundanccs. 

There are few strong CS lines in this region and airnost no atmospheric lines to disturb 

the continuum. However. some lines we used from this region have solar equivalent widths 

near the flat par: of the curve of growth. although in all cases log \T/A 5 -4.90. To check 

if the solar equiyalent Lvidths in Moore e t  al. (19GG) are in error. we used the new solar flus 

atlas by Kurucz et al .  (19%) t o  recalculzte equivalent lvidths. The match was excellent. 

Sext ,  w e  used Oxford gf values (BlackLvell 19S2) and recalculated the abundances. The  

results were similar t o  those found using BEGS solar gf values. 

R e t u r n i n g  to Table 3 and looking only at the group of lines in common with ;Ircturus, 

we see mean values of [Fe/H] for l l i l  which range from -0.59 to -0.iO (BEG?;). \Ye 

quote no internal errors because they are deceptively small in the light of the uncertainties 

in the metal abundance of -4rcturus and the range of solar f-values that are derived from 

different solar models and the same solar equivalent widths. We have also used absolute 

f-values as determined by Corliss and Tech (19G8) (hereafter CT)  as modified to fit the  

more recent experiments of Blackwell el  al. (1983). The resulting iron abundances fall 

within the range quoted above. Xotice that the  values derived from the BEG?; model and 

the C T  calculation are in excellent agreement. It appears that  values of [Fe/H] ranging 

from -0.6 to -1.0 can be derived from the data.  \Ye defer until 5 1' a discussion of our 

"preferred" value within this range. Considering that uncertaintie. inherent in the analysis 

of .4rcturus. given the excellent data in the Arctiirus -4tlas (Griffin 19GS). are sixriilar with 

the range of [Fe/Hj from -0.32 to - 0 . i  (Cayrel de Strobcl ef al .  19S5). we do not see how 

a more precise value of [Fe/H] can be claimed for $Tar> in 1171. For a fill1 analysis of the  

prnhleni of deterniining atmospheric paranictcrs for -4rcturii.; SCC Trirnble and Bell (1951 1. 

b. Carbon. Sit rogcm. aud 0sygc.n 
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Oiir a~i::l!.-i- of r l i ( ~  11g:lit ~ l t > ~ l l ( ~ i t -  i -  iiitic.1)rii(ic~i; of solar gf-\.::I~~o- \ ) ( L ( . a 1 i - ( x  I\ ( l i - t  il 

ill)301uttL transition probabilities. For tht three stars oljserved in the XG300 rcgiori we find 

a mean value of [O/H] = -0.61 i O.0G; the quoted uncertainty being internal. .4t the high 

end of our iron abundance we obtain [O/Fe] = 0.0, Lvhile at  the low end [O/Fe] = $0.4. 

To use the C S  lines to derive a relatiomhip between the carbon and nitrogen abundances. 

\ye must use the derived oxygen abundance in the molecular equilibrium equations. The 

C S  lines then yield a relationship btt\veen the carbon and nitrogen abundances shown 

in Fig. 2, where the axes are the logarithms of the absolute C/H and the ?;/H ratios. 

In the sun these quantities are -3.4 and -4.0, respectively. Since we could not detect 

the CJ line at XSi27.  we have no purely empirical method to  decide where the C and ?\' 

abundances of the three Mi1 stars lie. However, we show the lines defined by C=X and 

C = S S ?  which mark the range ot L/I\ ratios for K giants with moderate metai deficiencies 

observed by Lambert and Ries (1981). In addition. we show the line of possible initial C 

and S abundances, assuming [C/Fe] = ;S/Fe]  = 0. An analysiG of the CH bands n-ould 

be veluable. 

I I _ -  

\Ye have endeavored T O  establish the 12C/'3C ratio in these stars by observation of the 

13C features near 8003.4. For Arcturus, whose 12C/13C ratio is 7 .  the  line is present on 

our spectra. The line appears t o  be present in one star in 1171,  but is displaced in two 

other stars. It is best not to claim a deiection. but rather. to  use the feature to  give us a 

rough lower limit of about 10. 

# : 

c. Ahundances Relative to  Iron of Sodium through Lanthanum 

\Ye now turn to  other elements between sodium and lanthanum. For elernerits with 

fell- u5cable lines it is not useful to  quorc an iritcrnal probable error 011 thtx basis of  tlic 

observed scatter around the mcan. \Ye f e c a l  i t  is morc rc,ali>tic t o  accept as a probable error 

the rilean error for a single lint as dctcrmiric~d from a11 the FcI lincs (excluding the lines in 

thc X8G00 8800 region) and dividing by ,& of each elcmcnt. \Yc \vi11 us(' 0.20 dcs as the 
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In addition to the wattcr.  n-c must contend lvith thc uncertainty introduced by the 

choice between the HolLveger and Muller f-values 17s. the BEGS f-values. The differences 

depend upon the ionization potential of the species and the excitation potentials of the 

lines. This is all best summarized in Table 4. where we show the mean for each element 

after averaging over all 1171 stars in which we obscryed the line. 

It is clear from Table 4 that  all elements lighter than scandium are substantially less 

deficient than are elements from scandium through copper. Titanium ma)- belong to either 

group. The odd-even effect which is often prominent in metal-poor stars is not evident. 

-4 comparison with .\rcturus shows the same effect whether we use our data  in Table 4 or 

the results of Mackle e t  d. (1973). 

11'. Discussion 

a. The General Metal Abundance of l f i l  

In the previous section we showed that relative t o  the sun we find iFe/Hi for )IT1 to  

lie in the range of -0.6 to -1.0. Of this range of 0.1 de>; about 0.2 de>; is due to  the 

uncertainty in f-values introduced by the choice of solar model. .About 0.1 dcp is caused 

by the inclusion of the lines near X&30O.k arid 0.1 tlcs is the '.rmdorn" scatter'among the 

five stars. 

The Holn-eger ~ l i i l l e r  niodel of the solar atmo>phere is probably preferable because it 

is an empirical niodel bawd on obscrvations. In ])articular. 5auval et al. (1911) find the 

same solar oxygen abundance from pure rotational features of a n  OH in the ten pm region 

as found from the iOI] lines in  the visual region. Sirice t h e  solar opacity is much grcarer 

a t  10 pm. the OH lincs are formed at vcry small optical depths and are very sensitive to 

the temperature structure in tho o u t c ~  atniosphcw. This c a i : ~ ~  lis to prefer the lowcr 

end of the iron abundance scale givcn ahovc. Or1 thc. other Iiarid. the  BE(;S soliir model 
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The problem can be finessed if we quote only our iron ahindance relative t o  .Ircturus 

and then use the mean [Fe/H] = -0.19,1 0.04 (Cayrel de Strobel et  ol. 1985). By this 

method we find l l i 1  to  be deficient in iron by 0.10 des  relative to .Srcturus or [Fe/H] = 

-0.6 relative to the sun. It appear5 that the range of -0.6 t o  -1.0 cannot be narrowed 

any further at  this time. 

-4s noted in the Introduction. it is not correct t o  assume that  iron represents all 

elements heavier than neon. jl'hile iron does seem to  represent the  iron peak elements 

rather \yell, the light elements - ?;a t o  Ca (and probably Ti) - show a mean excess relative 

to  iron of 0.4 dcx is l l i l  and 0.3 des in Arcturus. Hence. the abundance of these elements 

may be described as ranging from -0.6 to -0.2 dex relative to the sun by our comparison 

and -0.3 dex by comparison with Arcturus. 

Most efforts t o  derive metal abundances by low r c d u t i o n  methods depend upon 

observations of broad spectral bands that contain lines of many elemcnts. This fact is 

prohably responsible for a t  least part of the 0.4 dex difference between high resolution and 

low resolution determinations quoted by Bursttin et  a!. (19SG).  Broad-band analyses can 

only he compared with high dispersion analyses if the numerous absorption lines within 

the band can be divided up among the iron-peak and light metals. which is not an easy 

job. For example: Burstein e i  d. used two ~vavclcngth regions. A5270 and A5335. with 

9-4 pass hands. If \ve take an inventory of all line- li-tetl l ~ y  lloorc e l  ~ l .  (1966) Lctwccn 

X52G5.0 and A5275.0. \ve find 21 lines from the. iron I)(' i ik.  7 light metal lines and I E  

uriidcmtified lines. Thc iinidcntified lirics rarigc' in > t r ( ~ ~ i g t h  froiii 1.5 to 31 In.$.% 111 the 

__ - __ - -- - - __ _- 
' It is intc.rcsting to note that only IO of rhc idcwtificd lincs in  t h k  10 -4 interval arc 



- : I ,  r j , ~  ~ i i i i ~ I c ~ ~ ~ i f i ( d  I i n ~  do  Iiot c o i i ~ ~ i ' t ~ : . ~ (  i i i i i r l i  T O  t Iic' t o t  a1 ii:ic. I ~ ~ i ! i ~ L ( ~ 1 i I l ~  i r i  t I 1 t  j )z i*-  

],and. h i  in -4rcturus and the l l i 1  giants 1110-1 of  tiicni art' about 10 time3 srrongcr \vhilt> 

still on the  linear part of the curve of gron-th: hence! they contribute substantially to  the 

diflcrerice in line blanketing from star to  star. For the  A5333 .k band of Burstein e t  al. the 

inventory between A5330 and 5310 shows 18 iron peak lines, 5 lines of light metal.; and 25 

unidentified lines ranging from 1 to 8.3 ni.4 in equivalent width. In this band. as well as 

around X5270. we must be suspicious as to how much differential blanketing is introduced 

by these unidentified lines. 

Since we have fitted theoretical spectra to individual lines identified with specific 

elements. we believe that our range of [Fe/H] values from -0.6 to  -1.0 and of light 

elements from -0.2 to -0.6 dex is preferable to  specific numbers quoted from spectra 

whose resolution ranges from nine to several hundred Angstroms. The large range of 

uncertainty that we quote will just have to be  lived with (as do a lot of other uncertainties 

in this complicated world). 

b. C. 3. and 0 . .  in J1i1 

Our osygen abundances depend on absolute f-valuer. and hence do not carry the 

11-e uncertainty introduced by running solar 6quivalent widths through a solar model. 

find [O/H] = -0.62 0.10 from three stars. This translates into iO/Fe] = 0.0 to 0.4 dex. 

depending on the iron ahundance, which is $irni!ar to IO/Fe] in other globular clusters with 

/Fe/H] in the -0.6 t o  -1.0 range (PSIY). 

Our synthesis of " C S  features yields a line in the (C/H,  S/H) plane which we show 

in Fig. 2. By sclecting a rcasonaLle range in the C/?; ratio \ye can rcitrict oiirselvez to 

a 3ection of the (C/H. S/H) plane. For rcd Giants with sniall iiictal deficiencies Lambert 

and Rics (3981) find C = 3 5  for tircturus and C = K for ?Leo A and B. j1.e show thwe 

_. - __ 

stronger than the 31 rn.k unidentified line. 
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To understand how these stars got there we must know where they started in the (C/H,  

X/H)  plane. Laird (1955) provides C/Fe and K/Fe ratios for metal-poor field d\varfs. -4fter 

correcting for small systematic effects, he finds (C/Fe] = [K/Fe] = 0. Combining this w-ith 

our range in Fe/H yields the line marked in Fig. 2 as "31.S. line". SOLV C S  cycling and 

mixing alm-ays leads to  reduced carbon. enhanced nitrogen and reduced 12C/13C. During 

normal stellar evolution iip the red giant branch the first dredge-up of CS cycled material 

accomplishes this t o  a degree that  is determined by the depth of mixing. From Fig. 2 we 

see that only stars starting near the low end of the main sequence line in the (C/H. X/H)  

plane can reach the shaded area. This argument favors the low iron abundance but  we urge 

caution because of the uncertainties in all the factors involved. as well as the unfortunate 

fact that  the C/N ratio of 3 in .4rcturus indicates no  mixing while the l2C/I3C ratio of 7 

implies even deeper mixing than predicted by standard theory. r n t i l  we understand the 

evolution of Arcturus it is difficult to make definitive statements about similar stars in 

globular clusters with less certain abundances. - 

1,'. Summary 
I 

The arguments in fa\yor of the metal-poor solution. { . e . .  jFe/H] = -0.9 or -1.0 are as 

follolvs: 

1 .  The Holweger-Muller empirica1 model of the solar atmosphere is probably preferable 

to  the BEG?; model. 

2. Our oxygen a h u n d a ~ i ~ c  based on ahsoliirc f-values yiclds (O/Fe]= $0.4 if [Fc/H]= - 1.0 

in coniiiioii n-ith other globular cliistcm and iiict al-poor giants. 

3. Thc. C S  data can L e  iindt'rztood ill  torin5 of C" cycliiig and mixing if [C/H] = [ S / H ]  

= [Fc/H] = -0.9 or -1.0 when t h r  s.rar fornied. 

l ?  



1. The B E G S  models were used for both the sun and the stars in 3 l i l .  

2. The laboratory f-values agrc'c more closely lvith the B E G S  solar Talues. 

3. The hotter stars show the higher iron ahundanccs. 

4. -4 comparison with -4rcturus yields [Fe/H]i':: = -0.10 and the average of many 

detcrxiiinations for -4rcturus is /Fe/H];" = -0 .5  rf 0.1. 

The argument using laboratory f-values and the comparison with -4rcturus seem to us 

a little stronger than any others, so we slightly favor the [Fe/H] = -0.6 or -0.7 value for 

Jli1. but only on a roughly 60/40 basis. -4s ther used to say at  the amusement parks: 

'.You pays your money and you takes your choice." 

G .  lyallerstein thanks the  Sational Science Foundat ion for support via Grant 84-15353. 

lye are grateful for J. B. Oke thanks K A S A  for support via Grant S G L  05-002-134. 

computer time at  the Sational Center for .4tmospheric Research. 
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Table 1 
Observations o f  stars in M 7 1  

spectral continuum "t 

Star member (B-V) (V-K) Teff(k) log g (kms-') region counts 

0.9  2.0 6100 2 , 500 
6300 4 , 000 
7900 16,000 

1.28 ----- 4300 I 93% 

8700 11,000 

94 2 1.47 3.55 4100 0.8 2 .0  6100 
6300 

A4 4,000 
4,000 

7900 13,000 
8700 14,000 

1-21 95% 1.24 2.84 4400 1.65 2 .o 6100 2,200 

1.57 3.64 4050 0 .8  2.0 6300 2 , 700 
?1?0c! 
8700 16,000 

15,nnn 1-46 93% 

1-53 95% 1.36 --e-- 4325 1 .3  2.5 6100 2 , 500 

1.7 2.4 6100 70,000 
6300 3,000 
7900 42,000 

1.23 3.00 4250 ARCTURUS 

1 



TABLE 2 

Elemental Abundances f rom each Line i n  each S t a r  i n  M71 and A r c t u r u s .  

.I 

NA I 6154.227 2.09 2.127E-02 -0.27 -0.46 -0.47 - - -e  +0.11 -0.46 
NA I 6160.750 2.10 4.399E-02 -0.20 -0.34 -0.46 ---- -0.17 -0.46 

MG I 7930.823 5.94 4.887E-02 -0.03 -0.11 ----- -0.15 ----- +o . O l  
-0.73 ----- - - - -e  MG I 8717.829 5.93 1.973E-01 -0.71 -0.74 ----- 

AL I 7835.306 4.02 1.844E-01 -0.31 -0.35 ----- -0.18 ----- -0.16 
AL I 7836.127 4.02 3.727E-01 -0.32 -0.16 --e-- -0.34 ----- -0.32 

-0.32 -_--- ----- AL I 8772.876 4.00 3.722E-01 -0.24 -0.40 ----- 
-0.38 ----- ----- AL I 8773.907 4.00 6.608E-01 -0.29 -0.40 ----- 

SI I 6131.852 5.59 1.925E-02 -0.41 -0.48 -0.54 ----- -0.60 ----- 
SI I 6145.020 5.61 3.194E-02 -0.54 -0.85 -0.73 ----- -0.84 -0.31 
SI I 6155.142 5.62 9.052E-02 -0.58 -0.47 -0.25 ----- -0.31 -0.20 
SI I 7849.973 6.19 2.161E-01 -0.70 -1.11 ----- -0 -77 ----- -0.50 
SI I 7932.354 5.96 2.873E-01 -0.61 -0.53 -e - - -  -0.66 --_-- -0.28 
SI I 8728.021 6.18 5.329E-01 -0.90 -1.14 ----e -1 -25  ----- 
SI I 8752.022 5.87 2.418E-01 -0.51 -0.64 ----- -0 -62  ----- 

----- 
- -  

CA I 6156.019 2.51 2.812E-03 -0.29 -0.45 -0.47 -e--- -0.12 -0.44 

CA I 6166.439 2 .51  4.741E-02 -0.09 -0.51 -0.20 ----- -0.43 -0.55 
CA I 6161.294 2.51 4.365E-02 ---- ----e -0.36 ----- -0.42 -0.57 

TI I 
TI I 
TI I 
TI I 
TI I 
TI I 
TI I 
TI I 
TI I 
TI I 

6121.006 
6126.224 
6138.430 
6146.235 
7852.680 
7949.159 
8675.382 
8682.990 
8692.343 
8734.707 

1.88 
1.07 
2.15 
1.87 
0.85 
1.50 
1.07 
1 .OS 
1.05 
1.05 

5.182E-02 
4.112E-02 
1.563E-01 
2.961E-02 
1.349E-03 
3.337E-02 
2.507E-02 
1 .489E-02 
5.675E-03 
9.333E-03 

-0.30 
-0.32 
-0.60 
-0.25 
-0.06 
-0.24 
-0 .51  
-0 .45  
-0 .21  
-0 .60  

-0.59 
-0.48 
-0.91 
-0.42 
-0.13 
-0.45 
-0.74 
-0.61 
-0.43 
-0.76 

SC 11 6300.684 1.50 1.300E-02 -0.89 -0.64 - - -e-  -0 *39  ----- ----- 
SC 11 6320.843 1.49 1.268E-02 -0 .81  ----e ----- -0.52 -0.42 

-0.76 -0.97 V I 6119.532 1.06 4.218E-01 -0 .46  -0 .90  -0 .80  ----- 
V I 6135.370 1.05 2.25OE-01 -0 .58  - 0 . 8 5  -0 .81  ----- -0.70 ----- 



TABLE 2 (cont.) 

WAVELENGTH 

FE I 6120.249 
FE I 6127.912 
FE I 6147.834 
FE I 6151.621 
FE I 6157.733 
FE I 6165.304 
FE I 6173.343 
FE I 6353.840 
FE I 6355.035 
FE I 6380.748 
FE I 6392.542 
FE I 7807.913 
FE I 7855.401 
FE I 7912.871 
FE I 7924.150 
FE I 7941.095 
FE I 8607.075 
FE I 8610.609 
FE I 8611.813 
FE I 8616.284 
FE I 8621.611 
FE I 8671.879 
FE I 8674.756 
FE I 8729.153 
FE I 8747.432 
FE I 8757.198 
FE I 8763.976 
FE I 8698.717 
FE I 8699.461 

--------------- 

FE I1 6149.249 
FE I1 6369.419 

EPLOW GF (SOLAR) 
____-------------- 
0 .91  2.131E-06 
4.12 4.523E-02 
4.07 3.812E-02 
2.17 4.413E-04 
4.06 3.966E-02 
4.12 2.162E-02 
2 .21  7.768E-04 
0.91 4.882E-07 
2.85 5.508E-03 
4.17 3.371E-02 
2.28 7.742E-05 
4.99 4.200E-01 
5.06 8.672E-02 
0 .86  1.637E-05 
4.79 2.685E-02 
3.27 3.400E-03 
5.01 4.749E-02 
4.43 2.113E-02 
2.84 1.692E-02 
4 .91  1.231E-01 
2.95 7.691E-03 
5.02 3.031E-02 
2.83 2.650E-02 
3 .41  1.778E-03 
3 . 0 2  5.011E-04 
2.84 1.192E-02 
4.65 6.379E-01 
2 .99  6.233E-04 
4.95 4.626E-01 

3 .89  1.662E-03 
2.89 6.568E-05 

I A4 
------- 

-1.09 
-0.67 
-1.12 
-0.73 
-0.45 
-0.58 
-0.71 
-0.70 
-1.04 
-0.98 
-0.63 
-1.01 
-0.56 
-1 .05 
-1 .05 
-1.04 
-1.07 
-1.04 
-i .62 
-1.26 
-1.34 
-0.49 
-1.43 
-0.95 
-0.82 
-1.35 
-1 .34 .  
-1.13 
-1.34 

--------- 
-1. l o  
-1.18 
-1.25 
-1.22 
-0.50 
-0.82 
-0.95 
-1.02 
-0.90 
-0.75 
-0.70 
-1.10 
-0.79 
-0.95 
-0.95 
-1.01 
-0.80 
-0.95 
-i .62 
-1.21 
-1.39 
-0 .70  
-1.53 
-1.16 
-1.01 
-1 -45 

-~ -1.49 
-1.22 
-1 .ll 

1 
7 

-1.25 -1.12 
-1.21 -0.93 

1-21 

-0.99 
-0.95 
-1.02 
-0.88 
-0.58 
-0.74 
-0.63 

--------- 

----- 

-0.86 

1-46 

----- 
-1 .oo 
-0.95 
-0.93 
-0.71 
-1.19 
-0.74 
-0.95 
-0.72 
-1.09 
-1 .ll 
-1.18 
- 1 . 7 4  
-1 .27 
-1.51 
-0.74 
-1.42 
-1.24 
-0.95 
-1.45 
-1.38 
-1.20 
-1.29 

NI I 6128.984 1.68 4.161E-04 -0.87 -0.90 -0.64 ----- -0.97 -0.69 
NI I 7797.589 3.90 6.824E-01 -1.31 -1.37 ----- -1 -39 ----- -0.98 
NI I 7861.037 3 .70  1.431E-02 -0.95 -0.94 ----- -0.93 - -e - -  -0.54 

+.NI I 7863.792 4.54 1.146E-01 -0.62 -0.66 ----- -0.60 ----- -0.46 
NI I 8702.499 2.74 1,109E-03 -1.00 -0.90 ----- -1.00 ----- ----- 
NI I 8770.688 2.74 1.373E-03 -0.87 -1.04 ----- -0.91 ----- ---e- 

CU I 7933.130 3.78 4.449E-01 -1.10 -0.95 ----- -0.83 ----- -0.39 

RB I 7947.630 0.00 6.500E-01 -0.37 -0 .53  ----- -0.45 ----- -0.96 

ZR I 6127.475 0 .15  8.64OE-02 -0.53 -0.99 -0.84 ----- -0.78 -1.23 
ZR I 6134.710 0.00 5.300E-02 -0.64 -1 .02  -0.87 ----- -0.85 
ZR I 6143.183 0.07 7.910E-02 -0 .64  -0.94 -1.00 ----- -0.82 
ZR I 7849.380 0 .69  5.040E-02 -0 .43 -0 .65  ----- -0.54 - -_- -  -0.04 



Table 3 

I r o n  Abundances i n  M71 and Arc tu rus .  

S t a r  
A l l  l i n e s  L i n e s  i n  Common 

A4 -1.06 -0.81 -0.87 -0.95 -0.70 -0.71 

1-21 -0.83 -0.58 -0.56 -0.83 -0.58 -0.56 

1-46 -1.13 -0.87 -0.97 -0.92 -0.67 -0.73 

1-53 -0.87 -0.62 -0.62 -0.87 -0.62 -0.62 

M71 Mean* -0.98 -0.73 -0.76 -0.88 -0.63 -0.64 

M71 Vean** -0.90 -0.65 -0.66 -0.85 -0.60 -0.59 

Arc t u r  us -0.75 -0.50 -0.55 -0.75 -0.50 -0.55 

Note : 
HM . . . . .  Holweger and Muller So la r  Model 
BEGN . . .  B e l l  et. a l .  So la r  Model 
CT . . . . .  C o r l i s  and Tech (corrected)  t h e o r e t i c a l  gf values 
* . . . . . . A l l  s t a r s  i n  M71 
** . . . . .The t h r e e  h o t t e s t  stars i n  M71 



0 1  

Na I 

Mg 1 

A I  I 

Si I 

Ca I 

T i  I 

sc ii 

V I  

Fe I1  

N i  I 

cu I 

Rb I 

Zr I 

La I 1  

Note:  

----- 

+O .60 

+O. 47 

+O.  57 

+o. 22 

+O. 55 

+O. 34 

+O. 23 

+0.15 

-0.26 

-0.02 

-0.08 

----- 

----- 
-0. lo  

----- 

+0.49 

+O.  33 

+O. 43 

+O .07 

+O .61 

+O. 27 

+0.11 

+O .04 

-0.34 

-0.07 

-0.23 

----- 
----- 

-0.22 

----- -0.61 

+O. 29 

----- 

+0.51 

+O .43 

+O.  23 

+0.18 

+O. 33 

-0.22 

+O. 25 

+O. 08 

~. +0.36 

-0.45 

-0.76 ----- 

----- 

-0 .16 ----- 

+O. 18 

----- 

+O.  37 

+O .28 

+O .29 

+o. 11 

+o. 21 

-0.33 

+ O .  17 

+O .03 

+o. 21 

'----- -0.96 

e- - - - -  -1.09 
I 

----- 

For 0 I, Rb I, Zr I we used abso lu te  f - v a l u e s .  Hence, we l i s t  the r a t i o  t o  

HM . . . .  Holweger and M u l l e r  Solar model 
BECN. .Bel l  e t . a l .  Solar model 

hydrogen, n o t  i r o n .  



Figure Captions 

Figure 1. Paloniar CCD spectra of 3171. Star I, and -4rcturus at  a resolution of 0.3 -4. The 

S / S  is 50 for M71,  I. and 260 for -4rcturus. The observed points are shown, as well as 

a smooth fit produced by Lagrangian interpolation. 

Figure 2. The relationship between S / H  and C /H for three stars in X171. The dashed line 

is for star 1-46 and the solid lint is for stars -44 and I. .41so shown are the lines for C=X 

and C=3X, which arc reasonable limits for moderately metal-poor stars. In addition, 

we show the likely main sequence abundances. assuming C/H = S/H = Fe/H. 
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